Malaria-induced acute kidney injury (MAKI) is a life-threatening complication of severe malaria. Here, we investigated the potential role of the angiotensin II (Ang II)/AT 1 receptor pathway in the development of MAKI. We used C57BL/6 mice infected by Plasmodium berghei ANKA (PbA-infected mice), a well-known murine model of severe malaria. The animals were treated with 20 mg/kg/day losartan, an antagonist of AT 1 receptor, or captopril, an angiotensin-converting enzyme inhibitor. We observed an increase in the levels of plasma creatinine and blood urea nitrogen associated with a significant decrease in creatinine clearance, a marker of glomerular flow rate, and glomerular hypercellularity, indicating glomerular injury. PbA-infected mice also presented proteinuria and a high level of urinary γ-glutamyltransferase activity associated with an increase in collagen deposition and interstitial space, showing tubule-interstitial injury. PbA-infected mice were also found to have increased fractional excretion of sodium (FE Na+ ) coupled with decreased cortical (Na + +K + ) ATPase activity. These injuries were associated with an increase in pro-inflammatory cytokines, such as tumor necrosis factor alpha, interleukin-6, interleukin-17, and interferon gamma, in the renal cortex of PbA-infected mice. All modifications of these structural, biochemical, and functional parameters observed in PbA-infected mice were avoided with simultaneous treatment with losartan or captopril. Our data allow us to postulate that the Ang II/AT 1 receptor pathway mediates an increase in renal pro-inflammatory cytokines, which in turn leads to the glomerular and tubular injuries observed in MAKI.
Introduction
Malaria is one of the main causes of death from infectious disease worldwide [1] . Plasmodium falciparum infection induces the most severe form of malaria, leading to life-threatening complications such as cerebral malaria (CM), lung injury and acute kidney injury (AKI) [2] [3] [4] [5] [6] . Renal disease is correlated with high mortality in patients with malaria [2, [7] [8] [9] . Remarkably, PLOS ONE | https://doi.org/10.1371/journal.pone.0203836 September 11, 2018 1 / 13 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
there is a strict correlation between the renin-angiotensin system (RAS) and the severity of malaria [10, 11] . In severe malaria, activation of the sympathetic nervous system has been observed, due to vasodilation, which in turn leads to stimulation of RAS and a consequent increase in the level of angiotensin II (Ang II) [9] . The effects of Ang II are mediated by specific receptors: AT 1 and AT 2 [12] [13] [14] . The Ang II/ AT 1 receptor pathway plays a central role in the development of the glomerular and tubular injuries observed in AKI from different causes. This effect has been associated with the induction of a pro-inflammatory phenotype promoting immune cell infiltration and cytokine secretion in renal tissue [15] [16] [17] [18] . It has been shown that pro-inflammatory cytokine production is strongly associated with severe malaria [19, 20] . Previously, the Ang II/AT 1 receptor pathway was implicated in the modulation of immune cells such as CD4 + and CD8 + T cells and brain damage in experimental CM, modulating the secretion of pro-inflammatory cytokines [10, 11, [21] [22] [23] . Therefore, it is possible to postulate that the Ang II/AT 1 receptor pathway is involved in the development of MAKI. To test this hypothesis, in this work we used a well-known murine model of severe malaria, C57BL/6 mice infected by P. berghei ANKA (PbA-infected mice) [10, [24] [25] [26] , treated or not with losartan or captopril, blockers of the Ang II/AT 1 receptor pathway. We observed that these compounds abolished the increase in secretion of pro-inflammatory cytokines, such as interferon gamma (IFN-γ), interleukin (IL)-6, tumor necrosis factor alpha (TNF-α), and IL-17, avoiding the development of glomerular and tubular injuries in MAKI. These data help us to better clarify the molecular mechanism of pathogenesis of MAKI and suggest a potential strategy for adjuvant treatment with RAS inhibitors in human malaria.
Materials and methods

Animals and experimental protocol
C57BL/6 male mice (6-8 weeks old) were obtained from the Institute of Science and Technology in Biomodels (ICTB) of the Oswaldo Cruz Foundation (FIOCRUZ), Rio de Janeiro, Brazil. The animals were accommodated in an air-conditioned environment (22-24˚C) in a regular 12-h light/dark cycle with water and standard feed ad libitum.
Mice were randomly sorted into four groups: (1) non-infected mice (control group); (2) P. berghei/ANKA (PbA)-infected mice (vehicle group); (3) PbA-infected mice treated with losartan (los group); and (4) PbA-infected mice treated with captopril (cap group). The animal were infected by intraperitoneal injection of 10 6 infected red blood cells with PbA obtained from mice of the same background, as described previously [10, 25] . Peripheral blood parasitemia was determined using bright-field microscopy by a blind counter in a thick blood smear stained with Diff-Quick. When indicated, the animals were treated with 20 mg/kg/day losartan or captopril via gavage for 5 consecutive days from the day of PbA infection. All procedures involving the handling of animals were carried out in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The experimental protocol was previously submitted to the Institutional Ethics Committee of Federal University of Rio de Janeiro and approved under permit number 008/2018. During the course of the study, the presence or absence of adverse clinical signs associated with C57BL6 strain such as hydrocephalus, microphthalmia, anopthalmia, malocclusion, barbering and ulcerative dermatitis were checked out. In addition, other possible abnormalities such as skin lesions, occurrence of tumors, problem of the eye, hydration status, body condition, and abnormalities in the teeth, genitals and abdomen were analyzed. Furthermore, general behavior aspects such as mobility degree inside cage, interaction with cage mates, eating, drinking, absence of feces or diarrhea and the capability of the animals to build a nest were also monitored. In order to minimize suffering, the animals were euthanized with a combination of the following anesthetics: ketamine (240 mg/kg body weight) and xylazine (15 mg/kg body weight). The kidneys and blood were then collected for analysis.
Renal function analysis
To determine renal function, the volume of urine accumulated for 24 h (at day 5 post infection) was measured and the urinary flow calculated. In addition, a urine sample was collected, clarified by centrifugation (600 × g for 5 min), and the supernatant used to analyze creatinine, sodium excretion, urinary γ-glutamyltransferase (GT) activity, and proteinuria. As reported previously [25, [27] [28] [29] [30] [31] [32] [33] , to reduce physiologic changes induced by a change in environment, the mice were kept in metabolic cages for 24 h before sample collection. Plasma samples were also obtained to analyze creatinine, sodium, and blood urea nitrogen levels. The creatinine levels were determined by the alkaline picrate method (Gold Analisa Kit #335, Belo Horizonte, MG, Brazil). The levels of urinary protein were determined by the pyragallol red method (Labtest Kit #36, Lagoa Santa, MG, Brazil) or by the in-gel protein detection method using Coomassie dye staining. Urinary γ-GT activity was determined by its enzyme activity (Bioclin Kit #K080, Belo Horizonte, MG, Brazil). Sodium levels were analyzed by the photometric colorimetric test (Human Diagnostics Kit #573351, Wiesbaden, Germany). Creatinine clearance (CCr), urinary protein/urinary creatinine (UP:Cr) ratio, and fractional excretion of sodium (FE Na+ ) were calculated.
Histology and histomorphometric studies
Before kidney extraction, the euthanized mice were perfused with saline and 4% paraformaldehyde using a peristaltic pump with a flow rate of 10 mL/min. The kidneys were then removed, segmented in midsagittal into two parts, which were maintained in Gendre fixative solution for 24 h. Next, the kidneys were fixed for 48 h in 10% buffered formalin and subsequently impregnated in paraffin. Histologic sections (4-μm thick) of kidney were obtained and stained with periodic acid-Schiff reagent (Sigma-Aldrich, St Louis, MA) for analysis of the glomerular cellularity and the area of tubule-interstitial space.
To assess tissue collagen deposition, 7-μm-thick sections were prepared and stained with Picrosirius red stain (Sigma-Aldrich, St. Louis, MA). Images were obtained using a Nikon 80i eclipse microscope (Nikon, Japan) and the analysis and quantification were performed using Image-Pro Plus image analysis software (Media Cybernetics, Inc., USA) in at least 15 randomly captured photomicrographs [24, [27] [28] [29] [30] . 
Cytokines
Cytokines levels in the renal cortex were determined as described earlier [24, 27, 29] . Briefly, TNF-α, IL-6, and IL-17 concentrations in renal cortex homogenate were evaluated by cytometric bead array (BD Biosciences, San Jose, CA), according to the manufacturer's instructions. The results were expressed as ng/μg of protein.
Statistical analysis
Statistical significance was assessed using ANOVA followed by multiple comparative Newman-Keuls test. GraphPad Prism version 5 (GraphPad Software, San Diego, CA) was used for analysis. The results are expressed as the means ± standard error of 2 representative experiments. Each experiment was carried out using 4 or 5 animals per group with the exception of the cytokines and BUN analyses (2 or 3 animals per group), and the differences were considered significant when P < 0.05.
Results
Role of the Ang II/AT 1 receptor pathway in glomerular and tubular injuries in PbA-infected mice
Treatment of PbA-infected mice with losartan and captopril was done simultaneously with infection, which allowed us to study the role of the Ang II/AT 1 receptor pathway on the development of MAKI. Initially, we measured renal parameters correlated to glomerular functions. PbA-infected mice presented an increase in plasma creatinine and blood urea nitrogen ( Fig  1A and 1B) , which is in agreement with the decrease in urinary flow and creatinine clearance (CCr), a marker of glomerular flow rate (Fig 1C and 1D) . These results are in accordance with the increase in glomerular cellularity observed in PbA-infected mice (Fig 1E) . Treatment with losartan or captopril avoided the development of glomerular injury in PbA-infected mice.
Proteinuria, a well-known marker of renal injury, was also evaluated (Fig 2) . PbA-infected mice presented proteinuria as well as an increase in the urinary protein/creatinine (UP:Cr) ratio (Fig 2A-2C) . Furthermore, the levels of urinary γ-GT, a marker of tubular injury, were also higher in PbA-infected mice (Fig 2D) . In agreement with the renal injury markers, tubuleinterstitial space and collagen deposition levels were increased in PbA-infected mice, indicating the development of a tubule-interstitial injury (Fig 3A-3D ). All these parameters were ameliorated by treatment with losartan or captopril.
AKI is characterized by an increase in pro-inflammatory cytokines in renal cortex segments [29, [35] [36] [37] . Here, we measured the levels of TNF-α, IL-6, IL-17, and IFN-γ. The kidneys were perfused before the cortical region was isolated, avoiding serum cytokine contamination. The level of these pro-inflammatory cytokines was significantly increased in PbA-infected mice (Fig 4A-4D) . The simultaneous treatment of with losartan or captopril blocked the secretion of these pro-inflammatory cytokines.
Renal sodium handling in PbA-infected mice
Another important characteristic of AKI is the change in renal sodium excretion [38, 39] . Renal sodium handling depends on sodium reabsorption along the nephron, which is directly correlated . Here, it was observed that PbA-infected mice presented a decrease in urinary sodium excretion (Fig 5A) . On the other hand, FE Na+ , a marker of tubular sodium reabsorption, was increased in PbA-infected mice (Fig 5B) . A decrease in (Na + +K + )ATPase activity was observed in the renal cortex of PbA-infected mice in accordance with the tubule-interstitial injury observed ( Fig 5C) . As observed for the other parameters, treatment with losartan or captopril completely avoided all changes in these parameters.
Parasitemia and MAKI development in PbA-infected mice
It has been shown that there is a strict correlation between the development of MAKI and parasitemia [7] [8] [9] . One important question is whether the effect of Ang II/AT 1 receptor pathway blockers could be due to a decrease in parasitemia. As observed in a previous study [10] , peripheral blood parasitemia was also ameliorated by treatment with losartan or captopril (S1 Fig). However, significant parasitemia, about 10%, was still observed in PbA-infected mice treated with these compounds, indicating that a decrease in parasitemia is not directly responsible for the effect of losartan or captopril treatment. Together these data indicate that activation of the Ang II/AT 1 receptor pathway is a critical step in the development of MAKI in severe malaria and probably involves a pro-inflammatory immune response.
Discussion
MAKI is a life-threatening complication of severe malaria and is associated with higher mortality rates [2, [7] [8] [9] . Thus, uncovering the mechanism underlying MAKI has become an important issue to understand the worsening prognosis of malaria. In the present work, we have shown the involvement of the renal Ang II/AT 1 receptor pathway on both glomerular and tubular structural injuries in the development of MAKI, which involves modulation of the pro-inflammatory response. These data help to clarify the current understanding on the genesis of MAKI and will allow the development of new strategies for malaria co-adjuvant therapy.
Renal injury induced by malaria depends on the severity of the malaria infection [9] . PbAinfected mice are a well-known model of severe malaria associated with the development of AKI [24] [25] [26] . Here, PbA-infected mice showed a decrease in glomerular and tubular function with an increase in renal pro-inflammatory cytokines in agreement with previous studies [19, 20, [24] [25] [26] 42] . In severe malaria, significant hypovolemia occurs, leading to activation of vasoactive mediators, which could be involved in the pathogenesis of malaria and associated diseases such as AKI [7] [8] [9] 42] . Building on the idea that the Ang II/AT 1 receptor pathway participates in the pathogenesis of malaria, we showed that this pathway is involved in the genesis of MAKI.
It has been proposed that the development of MAKI depends on parasite adhesion to renal endothelial cells as well as activation of the host immune response, which leads to glomerular and tubular injuries [7, 8] . In a previous in vitro study, we showed that addition of Ang II decreases erythrocyte infection by P. falciparum through a mechanism that involves the production of Ang-(1-7) and, consequent activation of AT 1-7 receptor [43] .
In the present study, we observed that PbA-infected mice had 17% parasitemia at the 5 th day post infection. Parasitemia dropped to 10% when the animals were treated with losartan or captopril. Under these conditions, renal injury and secretion of pro-inflammatory cytokines were abolished. This result suggests that the decrease in parasitemia per se could be responsible for the lack of development of MAKI due to a delay in the immune response. However, Elias et al. [44] , using a model of PbA-infected Balb/c mice, showed that even with low parasitemia (about 5%) the mice developed renal injury as well as the secretion of renal pro-inflammatory cytokines IL-6, TNF-α and INF-γ [44] . In agreement, Fu et al. [45] , using both Plasmodium yoelii strain 17XNL (nonlethal) and 17XL (lethal), showed that despite different levels of peripheral parasitemia, both strains were able to enhance the release of peritoneal macrophage TNF-α and IL-6 from the first day post infection. Terkawai et al. [46] , using C57BL/6 mice infected with Plasmodium yoelii 17XNL, observed multiorgan failure when the animals were depleted of phagocytic cells by treatment with clodronate, even with a decrease in parasitemia. Our results and those already published in the literature together indicate that MAKI development in malaria involves a more complex mechanism than modulation of the parasitemia level.
Here, we observed that losartan and captopril treatment abolished the renal pro-inflammatory response. In addition, it was shown that the Ang II/AT 1 receptor pathway has a role in the establishment of an efficient T cell response in the spleen and therefore could participate in a misbalanced parasite-induced T cell immune response [10] . In murine malaria infection with P. chabaudi and P. berghei, an increase in intrarenal TNF-α and IL-6 levels was observed [47, 48] . The involvement of these pro-inflammatory cytokines in renal tubule-interstitial injury has been demonstrated [27,29, [35] [36] [37] . Correlating with this observation, Ang II was shown to induce an inflammatory response in renal epithelial cells in tubule-interstitial injury [10, 49] . Based on these observations, we propose that an immune response could play an important role in the effect of the Ang II/AT 1 receptor pathway in MAKI.
Our observations also suggest that changes in renal hemodynamics could contribute to the development of MAKI. It has been proposed that reduction in the glomerular filtration rate (GFR) in different forms of AKI is due to increased tubular fluid exacerbating the tubule-glomerular feedback mechanism [50] . This idea is strengthened by our observation that a decrease in tubular sodium reabsorption occurs, indicating an increase in distal fluid delivery causing a decrease in the GFR. On the other hand, the vasoconstrictor effect induced by activation of the Ang II/AT 1 receptor pathway could be another component involved in the decrease in GFR observed in PbA-infected mice. Indeed, it is well known that Ang II promotes vasoconstriction preferentially of efferent arterioles, leading to a decrease in the renal plasma flow rate and a decrease in GFR [9, 51] . Usually, tubule-interstitial injury observed in MAKI is associated with cytoadherence of infected erythrocytes to peritubular capillaries [7] [8] [9] 42] . However, another interesting idea is the deleterious effect of protein overload in the lumen of proximal tubule (PT) [33, [52] [53] [54] [55] [56] [57] [58] . It has been described that the Ang II/AT 1 receptor pathway promotes an increase in glomerular permeability to albumin [59] . Some groups, including our group, have shown that a higher albumin concentration leads to secretion of pro-inflammatory mediators inducing tubuleinterstitial injury [60] [61] [62] . In agreement, here we observed significant proteinuria in PbAinfected mice, indicating PT protein overload associated with an increase in pro-inflammatory cytokines. In addition, it has been proposed that protein overload in PT cells induces secretion of Ang II, which could mediate the deleterious effect of higher albumin concentration [63] . Thus, the positive feedback between glomerular and tubule-interstitial injuries could lead to a dangerous loop mediated by albumin and Ang II secretion. In fact, we observed an increase in proteinuria and in urinary γ-GT, a marker of PT cell injury. Interestingly, when the Ang II/ AT 1 receptor pathway was blocked, fibrosis, proteinuria, as well as the increase in the secretion of pro-inflammatory cytokines were abolished in PbA-infected mice, avoiding the development of tubule-interstitial injury observed in MAKI.
Together our data allow us to postulate that this increase in intrarenal pro-inflammatory cytokines observed in PbA-infected mice is mediated by the Ang II/AT 1 receptor pathway, playing a critical role in the development of MAKI. 
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